• Background and Aims Turgor-driven plant cell growth depends on cell wall structure and mechanics. Strengthening of cell walls on the basis of an association and interaction with silicon (Si) could lead to improved nutrient uptake and optimized growth and metabolism in rice (Oryza sativa). However, the structural basis and physiological mechanisms of nutrient uptake and metabolism optimization under Si assistance remain obscure.
INTRODUCTION
Silicon (Si) is a beneficial nutrient of rice plants, and its deficiency not only reduces stress resistance but also leads to growth inhibition (Epstein, 1994) . Rice has evolved unique strategies to deposit large amounts of intra-or extracellular silica (Savant et al., 1997) by taking up silicic acid using Si transporters (Ma et al., 2006) . In addition to silica, recent evidence suggests that the cell wall in rice cells contains Si in a bound form for cross-linking of hemicellulose polysaccharides (He et al., , 2015 .
Adequate Si fertilization greatly increases rice yield and improves grain quality, probably by enhancing biotic and abiotic stress resistance (Meharg and Meharg, 2015) . Isa et al. (2010) showed that supply of Si to the lsi1 (low-silicon) mutant resulted in increased growth and accumulation of Si with the formation of only a few silica bodies, suggesting that complexation of Si with wall polysaccharides (He et al., 2015) may play an important role in enhancing growth independently of silica deposition. Using the same low-Si rice mutant lsi1, Detmann et al. (2012) showed that Si increased grain yield by an increase in nitrogen (N) use efficiency, and altered primary metabolism by stimulating amino acid remobilization. Moreover, Si may influence enzymes associated with amino acid synthesis and carbon (C) metabolism (Lavinsky et al., 2016; Sanglard et al., 2016) . Nwugo and Huerta (2011) investigated proteomic changes of rice leaves and showed that Si plays a more active role in physiological processes than previously proposed.
Irrespective of whether the form is present in inorganic silica or organosilicon or both, no attempt has been made to elucidate the mechanisms underlying such responses, especially N use efficiency, at the single-cell level. The aim of this study is to explore the role of wall-bound Si in enhancing N uptake in individual rice cells. In this context, we hypothesize that such a role is achieved by stabilizing cell membranes to improve N uptake rate without up-regulation of relevant transmembrane transporter proteins. To test this hypothesis, we used a combination of non-invasive micro-test technology (NMT) to determine NH 4 + and NO 3 − ion fluxes, isobaric tags for relative and absolute quantification (iTRAQ) to analyse whole-cell proteomics, atomic force microscopy (AFM) to probe cell wall mechanical responses to deformation, and electrolyte leakage and fluorescent staining to assess the membrane stability/ membrane potential of rice suspension cells in the same growth phase. We demonstrate that wall-bound Si alters the rigidity of the cell wall and hence the stability of membranes, promoting individual cells to take up the main nutrient NH 4 + and optimizing growth/metabolism in the same growth phases without any requirement for up-regulation of transmembrane ammonium transporters.
MATERIALS AND METHODS

Cell culture and cell wall isolation for AFM and XPS
Rice cells (Oryza sativa L. 'Zhonghua 11') were suspensioncultured in the absence (-Si) and presence (+Si) of sodium silicate (Na 2 SiO 3 ) at 1.0 mm for 3 months as previously described . The cells were subcultured at 5-d intervals by using newly prepared nutrient solution to replace old liquid medium. Isolations of the cell walls and lyophilized cell walls for AFM and X-ray photoelectron spectroscopy (XPS) analyses were based on previously reported methods (He et al., , 2015 . For analyses of Young's modulus, Origin and SPSS software was used.
Measurements of NH 4 + , NO 3 − and K + ion fluxes
Net NH 4 + fluxes were measured using NMT [NMT100 Series, YoungerUSA, Amherst, MA; Xuyue (Beijing) Sci. & Tech. Co., Ltd, Beijing, China]. Prior to flux measurements, the ion-selective microelectrodes were manufactured, pre-pulled and silanized, and micropipettes (Φ1.5 ± 0.5 µm, XY-CGQ-02, YoungerUSA) were first filled with a backfilling solution (NH 4 + , 100 mm NH 4 Cl; NO 3 − , 10 mm KNO 3 ; K + , 100 mm KCl, pH 7.0) to a length of approx. 1.0 cm from the tip, and then were front-filled with columns of selective liquid ion-exchange cocktails (NH 4 + , XY-SJ-NH 4 ; NO 3 − , XY-SJ-NO 3 ; K + , XY-SJ-K). An Ag/AgCl wire microsensor holder (YG003-Y11, YoungerUSA) was inserted in the back of the electrode, which makes electrical contact with the electrolyte solution. YG003-Y11 was used as the reference microsensor, and the microelectrodes were then calibrated at the start and end time of each test with cultural media of different concentrations (NH 4 + , NO 3 − and K + : 0.05 and 0.5 mm). Only electrodes with Nernstian slopes >50 mm per decade for NH 4 + and K + and <−50 mm per decade for NO 3 − were used. Rice suspension cells (200 µL) were put in the middle of glass coverslips pretreated with a poly-l-lysine (SigmaAldrich, St Louis, MO, USA) solution in the measuring chamber, and were equilibrated for 15 min and washed twice with corresponding measuring solution. Three millilitres of measuring solution was slowly added to the chamber. Ion fluxes were monitored in the following solutions: (1) NH 4 + : 0.1 mm NH 4 Cl, 0.1 mm CaCl 2 , 0.1 % sucrose, pH 6.0 adjusted with HCl; (2) NO 3 − : 0.1 mm KNO 3 , 1 mm KCl, 0.1 mm CaCl 2 , 0.1 % sucrose, pH 6.0 adjusted with HCl; (3) K + : 0.1 mm KCl, 0.1 mm CaCl 2 , 0.1 mm MgCl 2 , 0.5 mm NaCl, 0.3 mm MES, 0.2 mm Na 2 SO 4 , 0.1 % sucrose, pH 6.0 adjusted with HCl.
NMT was used to measure the concentration gradient of the target ion by moving the microelectrode repeatedly from one point to another perpendicular to cell surfaces with 10 µm of the preset excursion between two points at a frequency of approx. 0.3 Hz. A continuous flux recording of more than 600 s was conducted for each rice cell in measuring solutions. The calculation of ionic fluxes (pmol cm −2 s −1 ) was obtained by imFluxes V2.0 (YoungerUSA) software and JCal V3.3 (Xuyue, Beijing, China). SPSS software was used for data statistical analyses.
Proteomics using iTRAQ
Total proteins were extracted according to Ma et al. (2016a, b) . A mixture of extracted proteins of +Si and -Si cell samples (2 treatments × 2 biological replicate samples, 100 µg for each) was used as the reference (REF) . Protein digestion was performed by a filter aided sample preparation (FASP) method (Wisniewski et al., 2009) , and the resulting peptide mixtures were labelled with iTRAQ isobaric tagging reagents according to the manufacturer's instructions (Applied Biosystems, Carlsbad, CA, USA) (Ma et al., 2016) . After labelling and being multiplexed, samples were dried in a vacuum centrifuge and then stored at −20 °C.
Experiments were carried out with an Easy nLC system (Thermo Fisher Scientific, Waltham, MA, USA) that was coupled to Q Exactive mass spectrometer (MS) (Thermo Finnigan, San Jose, CA, USA). The Q Exactive MS output RAW files were analysed via the MASCOT engine (Matrix Science, London, UK; version 2.2) for protein identification, and Proteome Discoverer (Thermo, version 1.3) was used for quantification. Data were searched against a non-redundant International Protein Index Oryza sativa sequence database from uniprotOryzasativa.fasta. The MASCOT search results were further processed using the programs BuildSummary, Isobaric Labeling Multiple File Distiller and Identified Protein iTRAQ Statistic Builder within the Proteomics Tools (version 3.05; details from the Research Center for Proteome Analysis, www.proteomics.ac.cn). The program Build-Summary was used for assembling protein identifications based on a targetdecoy search in shotgun proteomics. All reported data were at the 99 % confidence level for protein identification as determined by a false discovery rate (FDR) of 1 % (Sandberg et al., 2012; Ma et al., 2016a, b) .
The programs Isobaric Labeling Multiple File Distiller and Identified Protein iTRAQ Statistic Builder were used to calculate protein ratios, in which sample REF was used as reference based on the weighted average of the intensity of report ions in each identified peptide. The final protein ratios were then normalized by the median average protein ratio for unequal mixes of the different labelled samples. Using the Proteome Discoverer software (Thermo Scientific), protein quantification was based on the signature peak areas and corrected according to the Xcalibur Proteome Discoverer (Version 1.3 User Guide). The iTRAQ ratios were selected for further statistical analysis if they match the criteria of (1) being detected in both biological replicates, and (2) having mean expression changes of >1.20 or <0.83 to the relative sample (Ma et al., 2016a, b) . Mean expression changes of >1.20, <0.83 and 0.83-1.20 represent up-, down-and un-regulation, respectively, of proteins between +Si and -Si cells in this study.
Cell membrane stability and membrane potential measurements
Electrolyte leakage was used to assess cell membrane stability (Whitlow et al., 1992) . Cells were washed with ultrahighpurity water three times. After drying on filter paper, approx. 0.1 g of cells (f. wt) were collected in each treatment (+Si/-Si) and put into 30 mL water or 1-10 % polyethylene glycol (PEG) solution to record the conductivity at 25 °C in real time.
Also, the membrane stability was evaluated by changes of cell membrane potential. Instable membranes, especially in the presence of PEG-induced osmotic stress, can result in a depolarization of the cell membrane potential (Ober and Sharp, 2003) , and DiBAC 4 (3) fluorescent dye can enter the depolarized cell and bind to intracellular membranes to emit enhanced fluorescence (Konrad and Hedrich, 2008; Sun et al., 2010 Fig. S1 ). Net ammonium (NH 4 + ) fluxes of rice suspension cells were measured using NMT (Fig. 1A) . Cells cultivated in solutions with 1 mm silicic acid (+Si) for 3 months exhibited a steady net NH 4 + influx of 133 ± 17 pmol cm −2 s −1 (n = 8) during the testing period (Fig. 1B) . By contrast, a mean NH 4 + influx of 69 ± 10 pmol cm −2 s −1 (n = 8) was observed in rice cells cultivated in solutions without Si (-Si), almost half the value in +Si cells (Fig. 1C) . In addition, regardless of the absence or presence of Si, nitrate (NO 3 − ) ions were all in efflux (Fig. 1D, E) , suggesting that NH 4 + is the main N source in rice (Fan et al., 2016) .
Effects of Si on the protein expression of rice suspension cells
As predicted, the total protein concentration [46 ± 2 mg g −1 f. wt (n = 3)] of the +Si cells was greater than that [38 ± 0.5 mg g −1 (n = 3)] of -Si cells (Fig. S2 ) due to a significant difference in NH 4 + influxes (Fig. 1) . To understand the origin of the NH 4 + uptake and protein synthesis optimization in the presence of Si in rice suspension cells, we used iTRAQ to detect and identify 20 proteins related to the cell wall (P1-P3), plasma membrane (P4-P6), energy metabolism (P7-P13), stress/stimulus response (P14-P18) and cell cycle (P19 and P20) ( Table 1 and Fig. 2 ). Among these function-known proteins, 13 down-regulated (P1-P4, P6, P9, P11, P12 and P14--P18), four up-regulated (P7, P8, P10 and P13) and three unregulated (i.e. not affected by Si treatment) (P5, P19 and P20) proteins were identified for +Si cells, whereas 13 up-regulated, four down-regulated and three unregulated proteins were identified for the -Si cells (Table 1 and Fig. 2 ). Others included 17 unregulated but function-known membrane-related proteins (Table S1) , and 57 Si-regulated proteins including 20 functionunknown and 37 unanalysable, function-decentralized proteins (Table S2) .
Morphological and mechanical properties of cell walls in the absence and presence of Si
Cell walls isolated from rice suspension cells cultivated in the absence and presence of 1 mm silicic acid for 3 months were analysed using both AFM and XPS (Fig. 3) . AFM peak force error images show that the cellulose microfibrils of +Si cell walls are much denser than those of -Si cell walls, which contain many broken and shorter fibrils that are randomly deposited on cell surfaces (Fig. 3A) . Regarding Si supply, a clear skeleton of cellulose microfibrils with an increased diameter was seen under AFM based on height measurements (Fig. 3C) . Accordingly, the average Young's moduli of cell walls in the presence and absence of Si were 26.2 ± 3.8 GPa (n = 10) and 22.5 ± 3.4 GPa (n = 10) ( Fig. 3B ), respectively, measured by AFM force curves. In addition, the Si 2p core-level XPS spectra of +Si cell walls exhibit a clear peak at 101.3 ± 0.3 eV (n = 10), compared to -Si cell walls ( Fig. 3D ), suggesting the presence of a possible organosilicon component within the cell wall rather than deposition of inorganic silica at cell surfaces .
Effects of Si on cell membrane stability
Cell membrane stability was first assessed by measuring the time that is needed for electrolyte leakage to reach equilibrium, by monitoring real-time conductivity (Fig. 4A, B) . Time differences (∆t) between +Si and -Si cells were 400 ± 90 min (n = 3) and 110 ± 30 min (n = 3), under the solution conditions of pure water (Fig. 4A ) and 1 % PEG solutions (Fig. 4B) , respectively. Second, the change in cell membrane potential can be used to evaluate the membrane stability based on DiBAC 4 (3)-dependent fluorescence (Fig. 4C) . Figure 4D shows that the fluorescence intensity of -Si cells was significantly greater than that of +Si cells in the absence and presence of osmotic stress (hypotonicity, pure water; hypertonicity, 1 % PEG). After shifting to extreme stress of 10 % PEG, the significant difference between +Si and -Si cells vanished (Fig. 4D) , either due to complete depolarization of the cells, or because most cells (>70 %) were close to death regardless of the absence and presence of Si (Figs S3 and S4) . These results based on two different methods indicate that cell membrane stability can be improved significantly by Si-accumulating cell walls, compared to Si-deprived ones. Consistent with the above results, a mean K + efflux of 39.3 ± 8.2 pmol cm −2 s −1 (n = 8) was observed in -Si cells, whereas a very low efflux of 4.8 ± 3.7 pmol cm −2 s −1 (n = 8) was exhibited in +Si cells (Fig. 5) .
DISCUSSION
Mechanisms of ammonium uptake optimization
The possible mechanisms to promote uptake of NH 4 + ions by Si bound to the cell wall include accelerated cell division in the cell cycle (i.e. in different growth phases for +Si and -Si cells), enhanced expression/synthesis of ammonium transporters in cell membrane, or wall-stabilized cell membranes with improved ammonium transport efficiency. Cell division/cell cycle proteins. We selected cells with almost the same sizes for NMT measurements (Fig. S1 ) to rule out the effects of cell division/cell cycle, and it has been demonstrated that about 60 % of rice cells through suspension culture were in G1 phase (Lendvai et al., 2002; Lee et al., 2004) . Although we did not isolate and sort all cells in the same phase of the cellcycle dynamics for iTRAQ measurements, two unregulated proteins (P19 and P20) (Table 1) were identified, and they are cell division/cell cycle molecules that are highly conserved from yeast to plants to animals and essential for the survival of any eukaryotic cell (Morreale et al., 2009) . In particular, cell division cycle protein 48 (P20, Cdc48p) exhibits important roles in cell cycle processes, such as membrane fusion (Latterich et al., 1995) , endoplasmic reticulum-associated degradation (ERAD) (Rabinovich et al., 2002) and spindle disassembly at the end of mitosis (Cao et al., 2003) . Other proteins, such as plant cyclins (Lee et al., 2003; Nelissen et al., 2016) , are functionally important in the G2/early M phase for CycA1;1 and late M phase for CycB2;1 and CycB2;2 (Umeda et al., 1999 ), but we did not detect them, probably due to their very low concentrations. Moreover, HAL3 (Sun et al., 2009) proteins are also involved in the control of cell cycle progression, particularly in the G1/S transition. However, they are light-regulated proteins and suspension-cultured cells are in darkness, so it is reasonable that OsHAL3 was not detectable and identified by iTRAQ.
Finally, cell-plate formation is an important phase of plant cell mitosis in M phase. Si could accelerate the regeneration of the rice cell wall by crosslinking of wall components (He 
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P3, A2YA91 Fig. 2 . Schematic illustrating the influence of Si on intracellular biochemical pathways in suspension cells of rice. Blue, red and black type in numbered proteins (P1-P20) indicates Si-induced up-regulation, down-regulation and unregulation, respectively. Arrows indicate the direction of regulation. CW, cell wall; PM, plasma membrane; ER, endoplasmic reticulum; TCA, tricarboxylic acid cycle; EMP, the Embden-Meyerhof-Parnas pathway, i.e. glycolysis; UDPG, uridine diphosphate glucose; G-6-P, glucose-6-phosphate; G-1-P: glucose-1-phosphate; F-1, 6-BP, fructose 1, 6-bisphosphate; Gly-3-P, d-glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; OAA, oxaloacetic acid; GSH, glutathione; GSSG, glutathione disulfide; PCs, phytochelatins. et al., 2015) , suggesting that this organosilicon component may accelerate cell-cycle progression in rice. In our previous study, after a long-term culture (over 100-150 d), compared to a time period of 90 d in the present study, +Si and -Si cells may have been in different phases of the cell cycle . Brzezinski et al. (1990) also showed that Si deprivation halted the progression of cells through the cell cycle in marine diatoms. A very recent study has shown that Si promotes cytokinin biosynthesis and delays senescence in Arabidopsis and Sorghum (Markovich et al., 2017) , suggesting that Si may accelerate the cell cycle. However, there was no difference in the cell cycle proteins between the treatments in the present study. Therefore, the results do not support this hypothesis that organosilicon promotes rice cell cycle progression exactly. Ammonium transporters. We identified the ammonium transporter protein AMT1;1 (P5), which was unregulated by Si (0.83 < fold change = 1.14 < 1.20) (Table 1 and Fig. 2 ). Membrane proteins of the AMT1 and AMT2 subfamilies represent the major pathways for ammonium transport in plants (Loqué and von Wirén, 2004; Yuan et al., 2007) . Ammonium uptake from solution in rice is mainly regulated by three ammonium transporters, and their corresponding genes, OsAMT1;1, 1;2 and 1;3 (Oryza sativa ammonium transporter), have been isolated and examined (Sonoda et al., 2003) : OsAMT1;1 is more constitutively expressed in a concentration-dependent manner and thus may serve as a key ammonium transport in both roots and shoots, whereas OsAMT1;2 and 1;3 are low-affinity transporters (Sonoda et al., 2003) with quite low expression levels (Fig. S5 ). Ammonium influx studies on a T-DNA insertion line in AMT1;1 of Arabidopsis thaliana revealed that in N-deficient roots, AtAMT1;1 confers approx. 30 % of the total ammonium uptake capacity (Loqué et al., 2006) . Therefore, AMT1;1 proteins serve as a major transporter for high-affinity ammonium uptake in rice, and this wallbound form of Si in rice suspended cells does not promote the expression of AMT1;1 to enhance the uptake of NH 4 + ions. Enhanced cell membrane stability after Si crosslinking. Wellorganized wall polysaccharide networks maintain resistance to the extreme tension (several hundred MPa) on the relatively thin cell wall generated by the turgor pressure within the solutefilled cell (Höfte, 2001; Geitmann and Ortega, 2009 ). The lack of Si results in wall defects ( Fig. 3A) with thinner cellulose microfibrils (Fig. 3C) , and decreases the mechanical strength ( Fig. 3B ) against turgor pressure. However, we could not determine whether Si affects the basic unit of cellulose or probably affects the connection between microfibrils through interfering with the hemicellulose. The wall defects may induce membrane deformation, and thus lead to depolarization. Membrane proteins in the deformed cell membrane, such as transmembrane ammonium transporters, may fuse together to form oligomers and aggregates aided by the instability and tension inherent with the high curvature of membranes (McMahon and Gallop, 2005) . In such cases, transport efficiency would decrease.
Moreover, the membrane potential plays a key role in the transport efficiency of voltage-gated channels (such as K + channels). Voltage-gated channels are sensitive to changes in membrane potential (membrane depolarization or hyperpolarization) and the change in membrane potential does not influence the degree of channel protein opening, but does control the opening frequency (Alberts et al., 2010) .
Following the Si crosslinking of the wall components, the mechanical properties of the cell walls are improved (Fig. 3B) . This, in turn, will confer stability of cell membranes on individual cells (Fig. 4) and maintain intracellular ion homeostasis. A significantly lower K + efflux did exist in +Si cells as compared with -Si cells (Fig. 5) . Due to the high conductivity for K + , the membrane potential of resting cells is close to the equilibrium potential of this cation (Konrad and Hedrich, 2008) . A negative membrane potential of about -120 mV will suppress K + efflux in stabilized cell membranes. The results shown in Figs 4 and 5 indicate that cell membranes of +Si cells are more stable than those of -Si cells, and this is direct evidence of an Si-induced enhanced resistance to turgor-related imbalances. In this respect, Luyckx et al. (2017) have demonstrated an effect of silica on bast fibre growth and a mechanical role in the resistance to turgor pressure during elongation. This suggests that both organosilicon and silica may have a similar role but with different strengths in providing enhanced mechanical resistance to turgor-driven expansion (Ma et al., 2016a, b) .
Collectively, the rigid cell walls enhanced by a wall-bound form of Si as the structural basis stabilize cell membranes. This, in turn, optimizes NH 4 + uptake of the cells via improved transport efficiency in the same growth phase without a requirement for up-regulation of the main transmembrane ammonium transporter.
Over-expression of cell wall-related proteins (P1-P3) to strengthen the cell wall of -Si cells
Walls of growing cells are extremely sophisticated dynamic assembled networks consisting of cellulose, hemicellulose and pectin polysaccharides, as well as protein compounds (Franková and Fry, 2013) . The assembly and extension of the wall is in part mediated by wall-associated enzymes, which cleave, rearrange or cross-link polysaccharides (Höfte, 2001; O'Neill et al., 2001) . Splitting and reconnecting chains of (oligo)polysaccharides by enzymes catalysing cross-linking of wall components. We identified three down-regulated wall proteins (P1, P2 and P3) ( Table 1) . Glycosidase (P1) belongs to the glycosyl hydrolase 17 family and hydrolyses 1, 3-β-glucan polysaccharides found in the cell wall matrix of plants (Thomas et al., 2000) . These isozymes include the endo-1, 3-β-glucanases (Subfamily A) and the endo-1, 3; 1, 4-β-glucanases (Subfamily B) (Thomas et al., 2000) . 1, 3-β-Glucan (callose) is formed in vitro when isolated plasma membranes are supplied with UDP-glucose (Amor et al., 1995) and is synthesized in vivo when rapid new cell-wall formation takes place (Verma and Gu, 1996) . Callose and other similar carbohydrates have been suggested to serve as possible molecules in silica deposition in horsetail (Equisetum arvense) (Law and Exley, 2011) . However, this organosilicon species in rice suspended cells is different from silica templated by callose as proposed by Law and Exley (2011) , and thus no direct relationship can be made.
According to iTRAQ results in Table 1 , a transport protein particle (TRAPP, P4) complex for Golgi vesicle transport (Rybak et al., 2014) was present and down-regulated in +Si cells. It has been suggested that cell-plate vesicles may contain a membrane-bound sucrose synthase (P3) providing UDPglucose for the synthesis of 1, 4-β-glucan chains of cellulose (Amor et al., 1995) and subsequent strengthening of the newly formed cell wall (Thomas et al., 2000) . Sucrose synthase (P3), a glycosyltransferase (GT), catalyses the reversible reaction (sucrose + UDP = UDPglucose + fructose) (Schmölzer et al., 2016) , and pH values of 5.5-7.5 promote the formation of UDP-glucose through high free energy of hydrolysis of the sucrose linkage at sometimes substantial rates in disrupted cells (Amor et al., 1995) . In contrast, synthesis of UDP-glucose via UDP-glucose pyrophosphorylase requires two ATP equivalents (Amor et al., 1995) , and energy conservation could be especially important for these Si-deprived cells. Moreover, β-glucosidases (P2) are glycosyl hydrolases that hydrolyse the β-O-glycosidic bond and are found to have high exoglucanase activity, consistent with a role in cell wall growth and remodelling (Opassiri et al., 2006) .
Insoluble cellulose (1, 4-β-glucan) microfibrils are embedded in soluble polysaccharides, such as xyloglucan and mixedlinkage (1→3, 1→4)-β-d-glucan (MLG). Xyloglucan binds non-covalently to cellulose to form a structural network that can determine the physicochemical and mechanical properties of the cell wall (Carpita and Gibeaut, 1993; Cosgrove, 2005) . Rice plants produce 1,3;1,4-β-glucan polysaccharides in the cell wall that should have diverse roles in growth (Thomas et al., 2000) : breakdown of these polymers may provide substantial nutrition for wall growth and/or facilitate the access of other hydrolases to their substrates (Fincher, 1989 ). An example is the xyloglucan endotransglucosylase/hydrolase (XTH) for seamlessly splitting and reconnecting chains of xyloglucan by catalysing covalent cross-linking between cellulose and xyloglucan-oligosaccharide, and between xyloglucan and xyloglucan-oligosaccharide (Shinohara et al., 2017) . Our previous observations have shown that Si may control the porosity of the cell wall, as shown by the increased pore number and size of cell walls of Si-starved, protoplast-derived cell cultures (He et al., 2015) . Si crosslinking of wall components. Our previous results have shown that most of the Si is in hemicellulose in rice cells, where Si may covalently crosslink the hemicellulose polysaccharides to form Si-O-C or Si-C bonds (He et al., 2015) rather than SiO 2 . This was also confirmed in the present study by XPS (Fig. 3D) . The Si 2p peak at 100.1-101.3 eV has been considered to be due to an Si-O-C or O-Si-C chemical environment from simple chemical systems such as Si-organic monolayers (Boukherroub et al., 2000) , and silica (fully oxidized silicon Si 4+ ) is at approx. 103.2 eV . The hemicellulose-bound form of Si could improve the mechanical properties (Fig. 3B) and regeneration of the cell wall (He et al., 2015) . Major hemicelluloses contain the xylans, xyloglucans, mannans and MLGs (Scheller and Ulvskov, 2010) . MLG is restricted to Si-accumulating Poales and Equisetum (Fry et al., 2008; Sørensen et al., 2008; Currie and Perry, 2009 ), suggesting that MLG may serve as a ligand that complexes with Si.
The present AFM results showed that the cellulose microfibrils of -Si cell walls contain many broken and shorter fibrils that are randomly deposited on cell surfaces (Fig. 3A, C) . Also, our previous study provided evidence that obvious defects (holes) were present on the protoplast-derived cell surfaces in -Si cells (He et al., 2015) . This suggests that the assembly of the cellulose microfibrils with other wall components, such as hemicellulose (which constitutes a hydrated matrix occupying the space between cellulose microfibrils) (Somerville et al., 2004; He et al., 2015) , is improved in +Si cells during cell wall formation.
This cell wall-bound form of Si could crosslink cell wall polysaccharides or other matrix-soluble molecules and significantly improves the mechanical properties and regeneration of cell walls. However, up-regulating wall-related proteins/enzymes (P1-P3) in Si-deprived cells may be required for subsequent strengthening of the newly formed cell wall by splitting and reconnecting chains of wall polysaccharides by catalysing cross-linking of the cellulose-hemicellulose and hemicellulose-hemicellulose. This is consistent with AFM results that the diameter of cellulose microfibrils in Si-modified cells is greater than that in Si-limited cells (Fig. 3C) , and sucrose synthase (P3, Susy), a key enzyme for cellulose synthesis, was up-regulated in -Si cells. Moreover, Si may not exert a direct role in cross-linking cellulose fibrils and their deposition/crystallization; the presence of Si may only induce over-expression of sucrose synthase to promote new cell wall formation because celluloses are not the ligands for the formation of the Si-wall complexes (He et al., 2015) . Thus, Si-accumulating cells may take advantage of the formation of Si-O-C or Si-C bonds that can partially substitute C-O-C bonds in polysaccharide chains, and it would be unnecessary to up-regulate these three proteins. P8, P10 and P13) in +Si cells. When the growth, organization and remodelling of the cell wall are improved by wall-bound Si, energy formation and utilization could be enhanced accordingly inside +Si cells. Expectedly, two α-amylase proteins (P7 and P8) were up-regulated in +Si cells (Table 1) . α-Amylase is an endo-hydrolase and is considered to be one of the primary enzymes responsible for starch degradation by hydrolysing the 1, 4-α-d-glucosidic linkages in plant cells (Majzlova et al., 2013) to generate glucose for glycolysis, i.e. the EmbdenMeyerhof-Parnas (EMP) pathway (Fig. 2) . Inside this pathway, a key enzyme, enolase (P10) that catalyses the conversion of 2-phospho-d-glycerate to phosphoenolpyruvate (PEP), was upregulated in +Si cells (Table 1) . At the whole-plant level, Zhu et al. (2016) showed that Si-enhanced assimilate transport provides more energy storage in the root cells, which is beneficial for stress tolerance.
Influence of Si on intracellular metabolism
Improved energy generation/utilization in +Si cells should also be of benefit to synthesis of amino acids and proteins by releasing stored energy through the oxidation of acetyl-CoA derived from starch/glucose and chemical energy in the form of ATP in the tricarboxylic acid (TCA) cycle. This cycle provides precursors of certain amino acids, such as α-ketoglutarate; an up-regulated enzyme, glutamate dehydrogenase (P13) that mediates the reductive amination of α-ketoglutarate to yield glutamate (Tsai et al., 2016) was detected in +Si cells, consistent with the results of both increases in uptake of NH 4 + ions (Fig. 1A, B) and the total protein concentration in +Si cells (Fig. S2 ) because glutamate is used by almost all plants in the biosynthesis of proteins.
Compared with +Si cells, glycolytic energy generation is limited in -Si cells, and thus up-regulation of proteins/ enzymes in fermentative pathways can compensate for energy insufficiency. In -Si cells, we detected an up-regulated alcohol dehydrogenase (P12, ADH) that is an essential enzyme in the alcohol fermentation pathway for the sustained production of ATP under stress conditions (Umeda and Uchimiya, 1994) by catalysing the reversible reaction from ethanol to acetaldehyde (Table 1 and Fig. 2) . Another up-regulated, energy-related protein, pyruvate orthophosphate dikinase (P11, PPDK) (catalysing the reaction: pyruvate + ATP + Pi ↔ PEP + AMP + PPi + 2H + ), was present in -Si cells (Table 1) . Indeed, cytosolic PPDK is involved in a metabolic response to various environmental stresses and has been shown to function in the synthesis of ATP from PEP (Moons et al., 1998) .
Finally, an up-regulated protein, fructose-bisphosphate aldolase (P9), was present in the glycolytic pathway in -Si cells (Table 1 and Fig. 2) , and it physically associates with vacuolar H + -ATPase (Lu et al., 2004) that is a primary-active proton pump present in the endomembrane system and is responsible for providing energy for transport of ions and metabolites as a 'house-keeping' and as a stress response enzyme (Sze et al., 1999; Ratajczak, 2000) . The electrochemical gradient generated by these H + pumps provides the driving force/energy for the secondary transport of ions and metabolites (Sze et al., 1992) as glycolytic energy generation is limited in -Si cells.
Down-regulated proteins for stimulus/stress responses (P14-P18) in +Si cells.
We detected five down-regulated proteins for stress responses in +Si cells (Table 1) . Of the three detected proteins involved in the glutathione (GSH) system, one is glutaredoxin (P14, GRX) that catalyses the reduction of disulfides or glutathione mixed disulfides (Lemaire, 2004) and scavenge reactive oxygen species (Lin et al., 2014) , and two (P15 and P16, GSTs) are glutathione transferases involved in cellular detoxification by conjugating the tripeptide (γ-Glu-Cys-Gly) glutathione (GSH) to a wide variety of substrates (Jain et al., 2010) . Two additional proteins are protein disulfide isomerase (P17, PDI) as a catalyst of disulfide bond formation and rearrangement (SatohCruz et al., 2010) , and 1-cys peroxiredoxin (P18, 1-cysPrx) as a novel antioxidant enzyme able to reduce phospholipid hydroperoxides in vitro by using glutathione as a reductant (Manevich et al., 2002) . 1-Cys Prx has the peculiarity of using its unique cysteine residue to accomplish the functions of both peroxidatic and resolving cysteines when GSH is not available (Pedrajas et al., 2016) .
These analyses suggest that Si-deprived cells are likely to confront local stress that induces the production of endobiotic toxicants and reactive oxygen species, resulting in the up-regulation of these five proteins (P14-P18) to sequester them as a stress response. This is consistent with an up-regulated protein Ser/Thr phosphatase 2C (P6, PP2C), which is shown to be involved in sophisticated stress signalling (Schweighofer et al., 2004; Xue et al., 2008) , such as hyperosmotic stress, to cause cell dehydration due to decreased turgor pressure and water loss (Boudsocq and Laurière, 2005) . Indeed, Si-deprived cells are more sensitive to both hyperosmotic and hypo-osmotic stress than Si-accumulating cells (Figs S4 and S5) , and Si crosslinking of wall components withstands the effects of water loss and provides cells with a mechanical defence against cell-shape changes (Fig. S4B, C) and the formation of defects (Fig. 3A) exacerbated by osmotic pressure changes.
CONCLUSIONS
The combination of iTRAQ results (Table 1) , wall mechanical strength (Fig. 3 ) and membrane stability (Figs 4 and 5) supports a role of Si bound to the cell wall in stabilizing cell membranes with improved ammonium transport efficiency (Fig. 1) under the same level of expression of AMT1;1 (P5). We demonstrate that the rigid cell walls as the structural basis are able to withstand the enormous turgor pressure exerted by the solute inside each rice cell to stabilize cell membranes and optimize nutrient uptake of rice cells in the same growth phase, thereby supporting survival, growth and metabolism, especially when cells are under osmotic stresses. Further analyses coupling proteomics results with targeted quantitative PCR may provide an additional level of understanding of the actions of Si.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic.oup. com/aob and consist of the following. Table S1 : Unregulated but function-known membrane-related proteins identified by iTRAQ. Table S2 : Si-regulated, including function-unknown, and unanalysable, function-decentralized proteins identified by iTRAQ. Table S3 : The primers of the genes used for qPCR analysis. 
